Abstract. This study was designed to investigate the dynamics of the paternal genome demethylation in pronuclearstage bovine zygotes produced either by in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI) using freeze-thawed (FT) as well as freeze-dried (FD) bull sperm stored at +4 or -196 C for one year. Zygotes were fixed and immunostained using anti-5-methyl-cytosin at 8, 10, 14 and 18 h post IVF (hpi) and at 6 and 12 h post ICSI (hpic). In conventional IVF-derived zygotes, the overall average of the relative methylation (RM; male/female) decreased from 0.92 at 8 hpi to 0.69 at 10 hpi (P<0.05) without any additional decrease at 14 and 18 hpi (0.67 and 0.64, respectively; P>0.05). This was accompanied by higher proportions of zygotes showing RM<0.6 (45.5, 37.5 and 38.2% at 10, 14 and 18 hpi, respectively; P<0.05) compared with 3.7% at 8 hpi. The overall averages of the RM in the FT-ICSI derived zygotes (0.79 and 0.66 at 6 and 12 hpic, respectively) were similar to those in the corresponding IVF-derived zygotes (8 and 14 hpi), but a higher proportion of the 6 hpic zygotes (37.8%; P<0.05) showed an RM<0.6 compared with the 8 hpi zygotes (3.7%). The proportions of FD-ICSI derived zygotes at 12 hpic showing an RM<0.6 (60.6 and 62.4% for +4 and -196 C storage, respectively) were higher than that of the FT-ICSI derived zygotes (39.4%; P<0.05). Thus, the bovine paternal genome rapidly demethylated within 10 h after IVF and 6 h after ICSI, and the freeze-drying and/or the storage process had no adverse effect on demethylation of the paternal genome. The extent of demethylation in the pronuclear-stage bovine zygotes was moderate, with 0.4≤RM<0.6. Key words: Bovine zygotes, Demethylation, Freeze-drying, Intracytoplasmic sperm injection (ICSI), In vitro fertilization (IVF) (J. Reprod. Dev. 55: [433][434][435][436][437][438][439] 2009) pigenetic modification of DNA itself (methylation of cytosine in the dinucleotide CpG) and/or associated proteins (phosphorylation, acetylation and methylation of histone) are responsible for regulation of gene expression without changing the DNA consequences [1] . Methylation of the DNA is one of the best-studied epigenetic mechanisms, and it is recognized as a principle contributor to the stability of gene expression state [2] . The genomic methylation pattern is generally stable and heritable in differentiated somatic cells; however, genome-wide reprogramming has been reported to occur in germ cells and preimplantation embryos [3] . The reprogramming process includes erasing the existing epigenetic marks and re-establishing new cell-specific marks to generate cells with nuclear totipotency and broad developmental potential [3, 4] . The biological importance of DNA methylation is still unclear [5] , but aberrant epigenetic reprogramming, which has been reported in cattle and buffalo zygotes reconstructed with somatic cells [6] [7] [8] , has been considered as a possible cause for higher incidence of gestational and neonatal fetal anomalies or deaths of such zygotes. Moreover, it has been cited as an indicator for early developmental failure [9] . Therefore, understanding the effect of epigenetic modification on embryonic development would be helpful for production of bovine embryos with higher developmental performance.
(J. Reprod. Dev. 55: [433] [434] [435] [436] [437] [438] [439] 2009) pigenetic modification of DNA itself (methylation of cytosine in the dinucleotide CpG) and/or associated proteins (phosphorylation, acetylation and methylation of histone) are responsible for regulation of gene expression without changing the DNA consequences [1] . Methylation of the DNA is one of the best-studied epigenetic mechanisms, and it is recognized as a principle contributor to the stability of gene expression state [2] . The genomic methylation pattern is generally stable and heritable in differentiated somatic cells; however, genome-wide reprogramming has been reported to occur in germ cells and preimplantation embryos [3] . The reprogramming process includes erasing the existing epigenetic marks and re-establishing new cell-specific marks to generate cells with nuclear totipotency and broad developmental potential [3, 4] . The biological importance of DNA methylation is still unclear [5] , but aberrant epigenetic reprogramming, which has been reported in cattle and buffalo zygotes reconstructed with somatic cells [6] [7] [8] , has been considered as a possible cause for higher incidence of gestational and neonatal fetal anomalies or deaths of such zygotes. Moreover, it has been cited as an indicator for early developmental failure [9] . Therefore, understanding the effect of epigenetic modification on embryonic development would be helpful for production of bovine embryos with higher developmental performance.
Paternal genomes undergo genome-wide, replication-independent, active demethylation during the first few hours after fertilization [10] . On the other hand, the methylation status of the maternal genomes is maintained until replication-dependent, passive demethylation commences with mitotic cell divisions [11] and continues until the beginning of de novo methylation of the embryonic genomes at the 8-16 cell stage in cattle [6] and the blastocyst stage in the mouse [12] . Replication-independent demethylation of the paternal genomes has been reported in the mouse, rat and cattle [6, [12] [13] [14] [15] but not in the sheep, rabbit and goat [16] [17] [18] , with contradictory results in the pig [15, 19, 20] . Although there is agreement that bovine paternal genomes undergo active demethylation [6, 15, 16, 21, 22] , the extent of the demethylation process varies considerably, and the timing of this active demethylation remains unclear. The pattern of paternal genome demethylation is non-conservative in mammalian species, but each species may have its own characteristic strategy required for normal embryonic development. Characterization of this strategy in bovine species would be helpful in understanding the biological significance of DNA methylation, including the mechanism by which normal embryonic development is regulated.
The in vitro fertilization (IVF) system is conventionally used to produce bovine embryos and offspring, and intracytoplasmic sperm injection (ICSI) has also resulted in successful production of live calves [23, 24] . However, epigenetic defects have been found in human babies derived from ICSI [25, 26] , with no reports about epigenetic reprogramming in ICSI-derived bovine embryos. Bovine IVF-and ICSI-derived embryos are generally produced using commercially available frozen-thawed (FT) semen. As an alternative method for sperm cryopreservation, freeze-drying or lyophilization, which is widely used for preservation of biological and pharmaceutical materials, has been proven effective in small rodents including the mouse [27, 28] and rat [29, 30] . Preservation of freeze-dried (FD) spermatozoa is advantageous in omitting liquid nitrogen from the storage process and reducing the cost of sperm transportation, but a well-developed ICSI system is required for embryo and offspring production because the rehydrated FD spermatozoa are immotile. Although the active demethylation process of the sperm genome is considered to be a function of an ooplasmic factor(s), this process can be facilitated either by a sperm factor(s) or by male pronuclear chromatin composition [31] . Freeze-drying and/or higher storage temperature (+4 C) have been found to induce DNA fragmentation and/or abnormalities of paternal chromosomes [28, [32] [33] [34] [35] . Moreover, we showed in a recent publication [36] that the ability of bull spermatozoa to induce intracellular calcium oscillations and resumption of meiosis was slightly impaired by the freeze-drying process. However, there is no information about the effect of freeze-drying and/or higher storage temperature (+4 C) on the demethylation dynamics of the paternal genome.
This study was designed to investigate the dynamics of the active demethylation process of the paternal genome in pronuclearstage bovine zygotes produced by conventional IVF and ICSI using FT and FD bull spermatozoa.
Materials and Methods

Chemicals and media
Unless otherwise stated, all chemicals used in this study were purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA). Modified Brackett and Oliphant (mBO) medium (IVF100; Institute for Functional Peptides, Yamagata, Japan) supplemented with or without 5 mM theophylline was used as a sperm resuspension medium after percoll-washing of FT spermatozoa for IVF or ICSI, respectively. The buffer used for freeze-drying of bull spermatozoa consisted of 10 mM Tris-HCl (Wako Pure Chemical Industries, Osaka, Japan), 50 mM EGTA and 50 mM NaCl (pH 8.0). Hepesbuffered TCM-199 (Earle's salt; Gibco BRL, Grand Island, NY, USA) supplemented with 0.2 mM sodium pyruvate and 50 μg/ml gentamycin sulfate, referred hereafter as TCM-199, was supplemented with 10% fetal bovine serum (FBS; SAFC Biosciences, Lenexa, KS, USA), 0.002 AU/ml FSH (Kawasaki-Mitaka Pharmaceutical, Kanagawa, Japan) and 1 μg/ml 17β-estradiol for in vitro maturation (IVM) medium or with 3 mg/ml bovine serum albumin (BSA) with or without 1000 IU/ml hyaluronidase for denuding or handling oocytes under ambient conditions, respectively. The medium used for IVF was the mBO medium supplemented with 5 mg/ml BSA and 10 μg/ml heparin. For short-term culture of oocytes before, during and after ICSI, TCM-199 supplemented with 5% FBS was used. Modified synthetic oviduct fluid (mSOF) [37] supplemented with 30 μl/ml essential amino acids solution (X50, Gibco-0270), 10 μl/ml non-essential amino acids solution (X100, Gibco-11140) and 5% FBS was used for temporal culture of presumptive zygotes produced by IVF or ICSI.
Sperm preparation
For preparation of the spermatozoa for IVF, commercially available frozen semen from a Japanese Black bull was used. A 0.5-ml straw containing 2-3 × 10 7 sperm cells was thawed in a water bath at 37 C for 30 sec, and the content was layered on a percoll density gradient consisting of 2 ml of 45% percoll above 2 ml of 90% percoll in a 15-ml conical tube. The tube was centrifuged for 20 min at 700 g, and the pellet was resuspended in mBO/theophylline medium and washed twice for 5 min at 300 g each. The sperm pellet was resuspended in fertilization medium (mBO/BSA/heparin) to yield a concentration of 2.5 × 10 7 sperm cells/ml. In processing FT spermatozoa for ICSI, the sperm pellet collected after percoll-washing was resuspended and washed twice with the mBO medium for 5 min at 300 g each. On the other hand, in processing FT spermatozoa for freeze-drying, the sperm pellet was resuspended and washed twice with the freeze-drying buffer for 5 min at 300 g each. The final concentration of the sperm cells was adjusted to 3-5 × 10 6 cells/ml, and 200-μl aliquots of the sperm suspension were divided into 5-ml volume glass vials (no.2; Maruemu, Osaka, Japan). Samples were frozen in liquid nitrogen (LN2) and then transferred onto the shelf (-30 C) of a programmable freeze-dryer (ALPHA 2-4; Christ, Harz, Germany). Primary drying of the samples was performed for 14 h at 0.37 hPa with the shelf temperature increased to +30 C at the end of this stage, and secondary drying was performed for 3 h at 0.001 hPa, as previously described [29] . After filling the vial with inactive nitrogen gas and sealing them with rubber caps and parafilm, the vials containing the dried samples were transferred to a refrigerator at +4 C or a LN2 tank at -196 C and stored for 1 year under dark conditions. Immediately before ICSI, the FD samples were rehydrated by adding 200 μl of ultrapure Milli-Q water and washed twice with mBO medium for 5 min at 300 g each.
Oocyte maturation
Abattoir-derived bovine ovaries were transported to the laboratory in 10-12 C saline within 24 h after slaughter. The contents of 2-8 mm follicles were aspirated, and oocytes surrounded by at least two layers of compact cumulus cells were matured for 22 h at 38.5 C under 5% CO2 in air. The oocytes were freed from cumulus cells by a brief vortex mixing in the TCM-199/BSA/hyaluronidase medium. Oocytes with an extruded first polar body were defined as matured and either used directly for IVF or cultured in the TCM-199/FBS at 38.5 C under 5% CO2 in air until use for ICSI (up to 4 h).
Production of pronuclear zygotes
For production of IVF-derived pronuclear zygotes, 20 μl of the sperm suspension was added to an 80-μl microdrop of the fertilization medium containing 10 matured oocytes to yield a final sperm concentration of 5 × 10 6 cells/ml. After 4-h of sperm/oocytes co-incubation at 38.5 C under 5% CO2 in air, up to 30 presumptive zygotes were transferred to a 250-μl microdrop of the mSOF medium and cultured at 39.0 C under 5% CO2, 5% O2 and 90% N2.
At 8 h post IVF (hpi), the zygotes were transferred into mSOF microdrops containing 10 ng/ml vinblastine to minimize overlapping of the pronuclei (PN), and culture was continued up to 10, 14 and 18 hpi. For production of ICSI-derived pronuclear zygotes, a piezodriven micromanipulator (PMAS-CT150; PrimeTech, Ibaraki, Japan) was used, according to the method described by Horiuchi et al. [38] . Two microliters of FT or FD sperm suspension was mixed with 8-μl of M2 medium containing 10% polyvinylpyrollidone (PVP) [39] , and 15 matured oocytes were placed in a 10-μl microdrop of the TCM-199/FBS. A single spermatozoon was aspirated tail first into a blunt-ended injection pipette with an outer diameter of 7-9 μm. An oocyte was held with a holding pipette with the polar body located at either the 6 or 12 o'clock position. The zona pellucida was drilled by several piezo pulses (speed 2, intensity 2). The spermatozoon was repositioned to the tip of the injection pipette, and the injection pipette was advanced mechanically deep into the center of the oocyte, stretching the oolemma extensively. Upon application of a single piezo pulse (speed 2, intensity 2), the oolemma was punctured at the pipette tip. The sperm was gently injected into the ooplasm, and the injection pipette was withdrawn. In the case of ICSI using FT spermatozoa, the spermatozoon was immobilized by application of several piezo pulses to the mid-piece before being aspirated into the injection pipette. The injected oocytes were cultured for 4 h in 100-μl microdrops of the TCM-199/FBS medium at 38.5 C under 5% CO2 in air and for additional 2 h in mSOF at 39.0 C under 5% CO2, 5% O2 and 90% N2. The zygotes were then either harvested at 6 h post ICSI (hpic) or further cultured up to 12 hpic in the vinblastine-containing mSOF, as described for IVF zygotes.
Assessment of demethylation dynamics
Zygotes were harvested at 8, 10, 14 and 18 hpi or at 6 and 12 hpic. The zona pellucida was digested with 0.25% pronase in phosphate-buffered saline (PBS). Zygotes were washed in PBS supplemented with 0.01% polyvinyl alcohol (PBS/PVA) and fixed in 4% paraformaldehyde / PBS at 4 C for 12 to 36 h. After washing with the PBS/PVA, the zygotes were permeabilized with 0.5% Triton X-100 in PBS for 30 min at room temperature followed by treatment with 2 M HCl for 30 min and subsequent neutralization in 100 mM Tris-HCl buffer (pH 8.5) for 10 min. The zygotes were then washed in 0.05% tween-20 in PBS and blocked overnight in PBS supplemented with 2% BSA (PBS/BSA) at 4 C. For detection of genome-wide methylation status, the zygotes were incubated with 2 μg/ml of mouse anti-5-methylcytosine (Calbiochem, Darmstadt, Germany) in PBS/BSA for 1 h at 37.0 C and then with a 1:200 dilution of goat anti-mouse IgG conjugated with FITC (Chemicon, Billerica, MA, USA). For detection of DNA, the zygotes were stained with 10 μg/ml of propidium iodide (PI) in PBS for 30 min, washed with Tween-20/PBS solution and mounted on 0.01% poly-L-lysine-coated glass slide with 100 mg/ml of 1,4-diazabicyclo-2,2,2-octane antifade reagent in glycerol.
The zygotes were observed using a confocal laser scanning microscope equipped with a krypton/argon ion laser (Bio-Rad 2100; Nippon Bio-Rad Laboratories, Tokyo, Japan). The samples were scanned at wavelengths of 488 and 568 nm for FITC and PI, respectively, and digital images for the area containing both PN were collected using a Z-series scanning feature at distance of 2 μm. The quantitative analysis was performed with the Image-J software (National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2007). Each PN was outlined manually at its greatest diameter, and the pronuclear size and total fluorescence intensity emitted from each pronucleus after subtraction of the background fluorescence were calculated. Based on computational estimation of the pronuclear size, the larger PN was defined as the male PN. In a few cases in which the difference between the two pronuclear sizes was within 10%, the PN located at more central position was considered to be paternal [22, 31] . The relative methylation of the male PN to the female PN in each zygote (RM) was calculated using the following equation; RM= total fluorescence intensity in the male pronucleus / total fluorescence intensity in the female pronucleus.
Statistical analysis
An online available program (http://www.physics.csbsju.edu/ stats/Index.html) was used for statistical analysis. Four to six replicates were performed in each experimental group. The overall averages of the RM are expressed as means ± SEM. Zygotes showing different levels of RM are expressed as proportions of the total number of analyzed zygotes. Differences among groups regarding proportions of zygotes showing different categories of RM were analyzed using Fisher's exact probability test. Differences among groups regarding the overall average of RM were analyzed using the Student's t-test. To determine any relationships between DNA methylation and size of the paternal PN in each zygote, the correlation coefficient was calculated. P-values of less than 0.05 were considered significant.
Results
In addition to overall averages of the RM values in each experimental group, which are useful for comparing the present data with previous reports, the zygotes in each group were classified according to the RM value into three categories as RM<0.6, 0.6≤RM<1.0 or RM≥1.0. Representative photographs of zygotes showing RM= 0.40, 0.60, 0.80 and 1.00 are shown in Fig. 1A, 1B, 1C and ID, respectively.
Paternal genome demethylation in IVF-derived zygotes
To investigate the dynamics of paternal genome demethylation more precisely, narrowing of the fertilization window was attempted in a preliminary experiment. The fertilization rate after sperm/oocyte co-incubation for 4 h was comparable to that after the 6 h co-incubation used in our standard IVF protocol, but co-incubation for 2 h resulted in a very low fertilization rate. Additionally, most of the zygotes harvested at an earlier time point (6 hpi) had two sets of condensed chromosomes. On the other hand, zygotes at 22 hpi mostly reached the metaphase stage of the first mitotic division.
Therefore, the demethylation dynamics of the pronuclear-stage bovine zygotes harvested at 8, 10, 14 and 18 hpi were investigated in this study (Table 1) . Fertilization rates were similar among the time points examined, but the proportions of oocytes reaching a pronuclear stage analyzable for methylation status were different. The overall average of RM decreased from 0.92 at 8 hpi to 0.69 at 10 hpi (P<0.05), without any additional decrease after prolonged culture periods (0.67 and 0.64 at 14 and 18 hpi, respectively; P>0.05). This decrease was accompanied by higher proportions of zygotes showing RM<0.6 (45.5, 37.5 and 38.2% at 10, 14 and 18 hpi, respectively; P<0.05) compared with 3.7% at 8 hpi. Moreover, the RM values in some zygotes were less than 0.4 (21.2, 6.3 and 14.7% at 10, 14 and 18 hpi, respectively).
Paternal genome demethylation in ICSI-derived zygotes
The demethylation dynamics of the pronuclear-stage zygotes harvested at 6 and 12 hpic are shown in Table 2 . The overall average of RM in the FT-ICSI-derived zygotes did not differ from 6 to 12 hpic (0.79 and 0.66, respectively). This was accompanied by similar proportions of zygotes (37.8 and 39.4%) showing RM<0.6 at 6 and 12 hpic, respectively. The same pattern was observed in the FD-ICSI-derived zygotes, as the overall average of RM and proportions of zygotes showing RM<0.6 did not differ between 6 and 12 hpic in each storage temperature group. Although there was no difference in the proportions of zygotes showing RM<0.6 between the FT-ICSI-and the FD-ICSI-derived zygotes at 6 hpic, the 6 hpic zygotes produced with FD sperm stored at -196 C had a lower overall average of RM (0.60) than those produced with FT sperm or FD sperm stored at +4 C (0.79 and 0.74, respectively; P<0.05). Surprisingly, higher proportions of 12 hpic zygotes produced with FD sperm (60.6-62.4%), regardless of the storage temperature, showed RM<0.6 compared to those produced with FT sperm (39.4%; P<0.05). The overall averages of RM in these groups (0.59 to 0.73 at 12 hpic) did not differ significantly.
Comparison of the demethylation dynamics between IVF-and ICSI-derived zygotes
Since it takes about 2 h until spermatozoa can penetrate into oocytes in the bovine IVF system, zygotes at 6 and 12 hpic were considered developmentally comparable to those at 8 and 14 hpi. The overall averages of the RM in the FT-ICSI-derived zygotes (0.79 and 0.66 at 6 and 12 hpic, respectively, Table 2 ) were similar to those in the corresponding IVF-derived zygotes (0.92 and 0.67 at 8 and 14 hpi, respectively, Table 1 ), but a higher proportion of the 6 hpic zygotes (37.8%; P<0.05) showed RM<0.6 compared with the 8 hpi zygotes (3.7%). Moreover, the proportion of zygotes showing RM<0.6 did not increase after prolonged culture in the FT-ICSI derived zygotes (37.8 vs. 39.4% for 6 vs. 12 hpic) but increased in the IVF-derived zygotes (3.7 vs. 40.6% for 8 vs. 14 hpi). The values of the correlation coefficient between the size of the male PN and the RM value in individual zygotes ranged from -0.360 to +0.239, indicating no correlation between the two parameters.
Discussion
Immunostaining protocol against 5-methyl-cytosine has been used for quantitative analysis of the genome-wide demethylation dynamics in pronuclear-stage bovine zygotes [15, 16, 21, 22] . However, in those reports, with the exception of the report of Park et al. [22] , the kinetics and extent of the active demethylation process in the paternal genome are unclear or controversial because the methylation status of the male PN was investigated immediately before the beginning of DNA replication in a subjective, visual manner. This visual assessment may result in false visual impressions about the extent of paternal genome demethylation, which may be magnified by increasing the size difference between the male and female PN [17] . Therefore, the computer-assisted system for quantifying the fluorescence intensity, employed in the present study, would increase the reliability of the dataset obtained. Recently, quantitative analysis of the methylation status of the paternal genome in pronuclear-stage sheep zygotes revealed that the paternal genome is 30% less methylated than the maternal counterpart, but such a dramatic difference was not detectable by visual assessment [40] . Park et al. [22] reported that the overall averages of RM in IVF-derived bovine zygotes decreases from 0.84 ± 0.13 at 10 hpi to 0.51 ± 0.19 at 20 hpi. This coincides with the time-dependent, significant reduction of the methylation status of the paternal genome in the IVF-derived bovine zygotes observed in our study (from 8 to 18 hpi, Table 1 ). However, this is the first study to report initiation and completion of demethylation of the bovine paternal genome very early (until 10 hpi) without further reduction after a prolonged culture period. The different finding regarding the methylation status of the paternal genome at 10 hpi between this study and that of Park et al. [22] may be due to the different systems employed for in vitro production of bovine zygotes (e.g., use of oocytes with or without cumulus cells during insemination and different co-incubation periods). These factors may affect the fertilization window and subsequently the actual age of the zygotes at harvesting time.
The timing of paternal genome demethylation in bovine zygotes (8-10 hpi) was comparatively earlier than the onset time of DNA replication, which occurs at as late as 17 hpi [41] . Demethylation of the mouse paternal genome has been reported to be completed within 4 h after fertilization, and has been suggested to be associated with paternal genome remodeling, especially the process of protamine / histone exchange [12, 42] . Naked DNA that may be present during the process of protamine / histone exchange [43] may be easily accessed by the putative demethylase present in the ooplasm. However, histone assembly into paternal DNA has been reported to be closely related to transient recondensation of the chromatin structure [44] . Therefore, the observation of a non-demethylated paternal PN at 8 hpi in the present study, as well as others [10, 14, 22] , suggests that the putative demethylase may access the DNA at the stage of protamine / histone exchange. However, the demethylase may require several hours to complete its action. Remethylation of the paternal genome after the demethylation process, which has been reported to occur in bovine zygotes at 25 hpi [22] , was not been observed in the present study. In our IVF system, most of the zygotes harvested at 22 hpi were found to either enter into the first mitotic cell cycle or cleave, while a few zygotes were still at the pronuclear-stage (data not shown). Therefore, these zygotes were considered to be developmentally arrested and were not analyzed. In contrast to this remethylation phenomenon, it has been reported that the bovine paternal chromosome set remains to be undermethylated compared with its maternal counterpart at metaphase of the first mitosis [6] .
The extent of paternal genome demethylation recorded in this study was highly variable among individual zygotes, as shown by some zygotes with RM≥1.0 and others with RM<0.4. Such wide variation has been reported in cattle [21, 22] and sheep [40] but not in the mouse [40] . Although the mechanism by which the ooplasm actively demethylates the paternal genome is not fully understood [45] , this function has been reported to be affected by the quality of oocyte maturation in the pig [46] and the culture conditions in the mouse and rat [14] . In our bovine IVF system, 80% of metaphase-II oocytes were fertilized, 60% cleaved and 40% developed into blastocysts (data not shown), suggesting that the metaphase-II oocytes were constituted from a heterogenic population in terms of the cytoplasmic maturation. This heterogeneity in cytoplasmic maturation may be a possible reason for the high variability among the zygotes in the term of paternal genome demethylation. To exclude the effect of this variability on the overall average of the RM, the zygotes were classified according to their RM values. Since nearly all the 8 hpi zygotes in the present study and 10 hpi zygotes in the study of Park et al. [22] showed RM≥0.6, RM=0.6 was considered to be the border value for determination of whether or not the zygotes were actively demethylated, as reported in the mouse [47] . The time-dependent changes in the proportions of bovine zygotes showing RM<0.6 (from 8 to 18 hpi, Table 1 ) paralleled to the changes in the overall average of RM. Most of the demethylated zygotes showed 0.4≤RM<0.6 ("moderately demethylated" according to definition in the mouse [47] ), which matched well with previous reports [16, 21, 22] but not with the report of Dean et al. [15] . Otherwise, the presence of some zygotes showing RM<0.4 indicates that the bovine paternal genome can undergo severe genome-wide demethylation under certain circumstances. On the other hand, this is the first study to report pronuclear-stage zygotes showing RM≥1.0; such RM values have been reported in mouse zygotes produced by ICSI and round spermatid injection [48] . The appearance of such zygotes may be due to failure of the oocytes to actively demethylate the paternal genome, as paternal genome has been referred to be relatively hypermethylated than maternal genome in the mouse [49, 50] . Park et al. [22] , who first reported the RM values of individual bovine zygotes, did not describe any zygotes showing RM≥1.0 but did describe a large number of zygotes showing RM=1.0. This may be due to variability in the quality of oocytes.
The second part of this study included investigation of the demethylation dynamics in ICSI-derived zygotes produced either by FT or FD spermatozoa. In the FT-ICSI-derived zygotes, there were no significant differences in the overall average of RM or the proportions of zygotes showing RM<0.6 between 6 and 12 hpic zygotes ( Table 2 ), indicating that the process of paternal genome demethylation completed within the first 6 h. This early occurrence of paternal genome demethylation (up to 6 h) was similar but earlier than that observed in the IVF-derived zygotes (8-10 h). However, similar dynamics of paternal genome demethylation between ICSIand IVF-derived zygotes has been reported in the mouse [51] . This difference may be due to the fact that the 6 hpic zygotes with a narrow fertilization window (15 min) are older than the 8 hpi zygotes with a wide fertilization window (4 h) and/or that the ICSI protocol using a piezo-driven pipette contains a factor(s) hastening the demethylation process. The pronuclear size of the ICSI-derived zygotes at 6 hpic was similar to that of the IVF-derived zygotes at 8 hpi (data not shown); however, mouse sperm chromatin remodelling after IVF and ICSI is different [52] . Moreover, the size of the male PN did not correlate with the individual RM value at any time point in any of the experimental groups. This suggests that the process of paternal genome demethylation is independent from the process of chromatin decondensation.
In the FD-ICSI-derived zygotes, demethylation in the paternal genome seemed to be accelerated as shown by the overall average of RM at 6 hpic and the proportions of zygotes showing RM<0.6 at 12 hpic (Table 2 ). This suggests that the freeze-drying protocol, by an unknown mechanism, may induce some changes in the structure of the paternal genome, rendering it more susceptible to oocyte demethylation activity; this is supported by the findings of Beaujean et al. [31] , who showed that that some sperm factors are involved in regulating the active demethylation of the paternal genome. There are no available reports about epigenetic reprogramming in FD-ICSI-derived zygotes in spite of successful production of offspring from them in the mouse [27, 34, 35] , rat [29, 30] and rabbit [53] . For the first time, this study showed that freeze-drying and/or storage for a long period of time have no adverse effect on demethylation of the paternal genome.
In conclusions, the bovine paternal genome underwent active demethylation at relatively early time points after IVF (within 10 hpi) and ICSI (within 6 hpic), and the extent of demethylation in most of the zygotes was moderate. The freeze-drying process for bull sperm seemed to have no adverse effect on demethylation of the paternal genome.
